Introduction General Remarks
Neurofibromatosis type 1 (NF1) (MIM #162200), 1 also known as von Recklinghausen disease, is a common familial cancer syndrome with a prevalence of 1 in 3000 to 4000 people worldwide, regardless of ethnic and racial background. 2 NF1
is a dominantly inherited genetic disorder that results from a germline mutation in the NF1 tumor-suppressor gene located on chromosome 17q11.2. The mRNA of the NF1 gene has more than 11 to 13kb and encodes a cytoplasmic protein called neurofibromin (NM_000267). 3 This large (2.818 amino acids, 57 exons) protein is present at low levels in most tissues, with the highest concentration found in the central nervous system (CNS). 4 Different domains of neurofibromin have been described (►Fig. 1), but some functions need still to be established. 5, 6 Neurofibromin is essential for normal embryonic development in mammals; the lack of this protein in murine models is lethal mainly because of the altered development of blood vessels. 7 Neurofibromin functions primarily as a GTPase activating protein (GAP) and inhibits RAS (rat sarcoma protein) activity. As a proto-oncogene, RAS promotes cell proliferation, differentiation, survival, and death. In NF1-associated tumors, loss of neurofibromin expression is associated with high levels of active RAS. Depending on the cell type, RAS hyperactivation leads to increased signaling through the RAS downstream pathway intermediates, AKT (RAC-alpha serine/threonine-protein kinase)/mTOR (mammalian Target Of Rapamycin) and RAF (rapidly accelerated fibrosarcoma)/ MEK (mitogen-activated protein kinase kinase). This cellular dysregulation explains much of the NF1 clinical phenotype, especially the increased risk of benign and malignant neoplasms evident in NF1.
Phenotype
Formal clinical criteria for NF1 were published by the National Institutes of Health (NIH) in 1988, and reaffirmed in 1997 (►Table 1). The main features of NF1 include multiple café-au-lait (CAL) spots, Lisch nodules of the iris, axillary freckling, and benign peripheral nerve sheath tumors named neurofibromas. Other NF1-related clinical complications include neurological, renal, cardiovascular, gastrointestinal, endocrine and orthopedic features, learning and intellectual disabilities, attention deficit, and malignancies of the peripheral nerve sheath or CNS. About a quarter of people with NF1 develop one or more of these clinical complications, which cause significant morbidity and mortality.
features occur in less than 1%. Otherwise, CAL spots, pseudarthrosis, optic gliomas, and externally visible plexiform neurofibromas are apparent within the first years of life, whereas freckling and severe scoliosis occur from 7 years of age onwards. Subcutaneous neurofibromas and iris Lisch nodules tend to appear in teenage or young adult years (►Fig. 2). Malignancies are mostly problems of adults. Finally, NF1 is known to be an extraordinarily variable intraand interfamilial condition; some patients have very mild manifestations, whereas others are severely affected, and there is no consistency in manifestations within a sexe or a pedigree. Phenotype-Genotype Neurofibromatosis Barrea et al. 181
Thus, while NF1 represents a simply determined Mendelian disorder with complete penetrance, it is, however, characterized by highly variable expressivity in both the number of major features and the occurrence of complications.
Genotype
In most cases, the diagnosis of NF1 can be made on clinical grounds; however, genetic testing is necessary to provide prenatal diagnosis and may be used as an adjunct to clinical diagnosis in cases with an atypical presentation or in which the child is too young to have developed most characteristic features. When employed, NF1 mutation analysis is 95% sensitive.
9 About 50% of NF1 patients are de novo mutations.
Ninety percent of de novo mutations occur on a paternal chromosome, while large deletions were of maternal origin. 10 The incidence of de novo mutations in NF1 gene locus is very high compared with other genes involved in the pathogenesis of genetically determined diseases. The large size of NF1 gene does not fully explain such a high rate of new mutation formation. Mutations identified so far are randomly distributed within the gene, and they are not localized in "hot spot" regions which are more prone to the mutation occurrence. 14 Patients with NF1 with the specific c.2970-2972delAAT mutation do not develop cutaneous, subcutaneous, and superficial plexiform neurofibromas.
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Hypothesis
As neurofibromin appears everywhere, NF1 is a complex disorder that affects many cell types and involves multiple body systems. However, NF1 is noted for the considerable inter and intrafamilial variation observed in the clinical phenotype even in patients who share the same germline mutation. As a result, any decisions on surveillance tailored to some of these potentially treatable complications can be difficult to implement in the clinic. Successful genetic counseling is also hampered by clinical complications that are unpredictable both in severity and progression even within the same family. Given the clinical feeling of a more pronounced symptomatology in some families, and the description of some correlates in the literature, 15 the research for a phenotype- genotype correlation remains legitimate. The present retrospective study attempts to assess whether any associated genotype-phenotype correlations could be identified in a cohort of clinically well-characterized NF1 patients with known pathogenic NF1 mutations.
Materials and Methods
Patients
The present study is a retrospective analysis of the clinical data obtained from a cohort of NF1 patients collected between the 1st January 2014 and the 31 December 2016 in the Centre Hospitalier Régional (CHR) of Liege, Belgium. The study cohort comprised 52 NF1 germline mutation-positive patients who are followed by a multidisciplinary team responsible for the diagnosis and the management of NF1 in children from 0 to 18 years. The patient cohort was characterized by a majority of boys (sex ratio boy/girl ¼ 3/2), an ethnic origin that was predominantly Caucasian, and an age distribution which ranged from 0 to 18 (mean age: 9.7 years). Twenty-two patients have a positive family history of NF1, 28 patients are sporadic, and 2 have an unknown family history.
Clinical Features and Associated Mutations
Major NF1 clinical features were recorded for each patient, alongside patient gender, the inherited or noninherited character, and the type of NF1 germline mutations. These mutations are also recorded into six subgroups corresponding to the different functional domains of the protein (►Table 2).
The recorded clinical details included the presence of CAL spots, subcutaneous neurofibromas, plexiform neurofibromas, freckling, Lisch nodules of the iris, optic gliomas, seizures, evidence of preschool learning difficulties, unidentified bright objects (UBOs) which are T2 hyperintense foci on MRI, long bone dysplasias, and scoliosis of more than 10°. No other tumor known to be commonly associated with NF1 was recorded.
Statistical Tool
Logistic regression analysis was performed to test the association of each clinical feature individually with the type of constitutional NF1 mutation. Each regression model had the covariates of age at examination (as a quantitative variable) to control for potential confounding. All statistical analyses were performed with XLSTAT software (Addinsoft, New York, United States).
Results
The identified constitutional NF1 gene alterations appear to be uniformly distributed across the gene. The prevalence of these common clinical abnormalities in this study was similar to those of other published studies (►Fig. 2).
The results of this analysis revealed no significant correlation between each phenotypical presentation and the mutations, whether grouped according to their type or functional domains (1-6). Moreover, gender and parental imprinting have no effect on phenotypic presentation in our study.
Discussion Correlation
We did not find any genotype-phenotype correlation for common clinical features of NF1, similar to the findings of most other studies. Owing to the absence of strong genotype-phenotype correlations, NF1 mutation analysis has for now very limited predictive utility for specific sequelae. However, it has greater diagnostic utility because mutation detection can confirm the etiology of the disease in individuals in whom the clinical phenotype does not fulfill the NIH diagnostic criteria. A firm diagnosis of NF1 directs the patient toward a multidisciplinary management with a specific monitoring. It allows counseling regarding mode of inheritance, recurrence risk, and potentially prenatal diagnosis too.
The limitations of this study include the restricted number of patients, the low number of patients with the same mutation, the low number of genetic deletions, and the low representation of some phenotypes. As the penetrance of many NF1 disease features increases with age, there is a potential bias toward lower age at examination in nonprobands relative to probands. Nevertheless proband status did not contribute significantly to any of the models after including age at examination as a covariate. Finally, it should be noted that the CHR of Liège is a regional center of expertise which drains only a part of the sick population, which seems therefore not representative of the general population.
Atypical Cases
One patient has c.4030G > T NF1 mutation associated with JeffCampanaccy syndrome. This syndrome describes the complex of multiple nonossifying fibromas (NOFs) of the long bones, giant cell granulomas (GCG) of the jaw, and CAL macules. It has been demonstrated that the majority of patients with these symptoms harbored a pathogenic germline NF1 mutation, 16 and that inactivation of the NF1 gene may contribute to the development of GCG, 17 suggesting that many Jaffe-Campanacci syndrome cases may actually have NF1. In this context, giant cell lesions seem to be NF1-associated tumors. Two of our NF1 patients, brothers and sisters, are both carriers of a neomutation. Interestingly, the two mutations found are not the same. The first child, a 14-year-old girl with a mosaic deletion of exons 10 to 15, presents CAL spots, frecklings, a subcutaneous neurofibroma, Lisch nodules, mild scoliosis, UBO, and a glioma of the optical pathways. The second child, a 10-year-old boy with a missense c.4768C> T mutation, presents only CAL spots.
As we know, neurofibromin has an important impact on the vascular and orthopedic development. We described here two cases with atypical presentations not described in the literature. The first case is a boy with NF1 mutation c.1642-2A > G who developed a hemihypertrophia of the right foot associated with a vascular malformation. This presentation was not found in his two brothers and in his mother who carry the same mutation. The second case concerns a boy with a c.2410-16 A-G mutation who developed tibial amyotrophy, not present in his sister and in his father who carry the same mutation.
Conclusion
In our study, the mutation spectrum of the NF1 gene is similar to previously reported, confirming the absence of hot spot regions and obvious genotype-phenotype correlations.
Despite its limited predictive utility, genetic analysis is interesting for early diagnosis and in the case of atypical presentation of the disease. Finally, this study reports different atypical presentation.
Although this pathology is well recognized and described for several years, there remain uncertainties about the genetic and physiological pathways that require more investigations.
